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Edited by Hans-Dieter KlenkAbstract The high error rates characteristic of human immuno-
deﬁciency virus type-1 reverse transcriptase (HIV-1 RT) are a
presumptive source of the viral hypervariability that substan-
tially aﬀect viral pathogenesis and resistance to drug therapy.
We have analyzed the potential role of polyamines in the ﬁdelity
of DNA synthesis by HIV-1 RT. The current study suggest that
polyamines tested has the potential to be ‘‘antimutator’’. The
polyamines exert the ability to reduce the misincorporation
and mispair extension with both RNA/DNA and DNA/DNA
template-primers in the following order: spermine > spermi-
dine > putrescine. In view of the signiﬁcance of mutations of
HIV, the possible roles of polyamines in the accuracy of DNA
synthesis could be of particular importance; polyamines may af-
fect the mutation rate of the virus.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Human immunodeﬁciency virus type-1 (HIV-1), the causi-
tive agent of AIDS, exhibits high genomic heterogeneity
[1,2]. This originates in the mechanism of HIV genome replica-
tion by the viral-encoded enzyme-reverse transcriptase (RT)
[3]. The enzyme is responsible for the conversion of the viral
genomic single-stranded (ss) RNA into proviral double-
stranded (ds) DNA in complex reverse transcription reaction
in cytoplasm. HIV-1 RT is multifunctional, exhibiting several
enzymatic activities by a single polypeptide. The three RT-
associated activities that catalyze the necessary steps of provi-
ral DNA synthesis are as follows: (a) transcription of viral
RNA into the minus DNA strand by the RNA-dependent
DNA polymerization (RDDP) function; (b) the hydrolysis of
RNA from RNA–DNA heteroduplex by the RNase H activ-
ity; (c) copying of the minus strand DNA into the second plus
strand DNA by DNA-dependent DNA polymerizationAbbreviations: HIV-1, human immunodeﬁciency virus type-1; RT,
reverse transcriptase; DDDP, DNA-dependent DNA polymerase;
RDDP, RNA-dependent DNA polymerase
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doi:10.1016/j.febslet.2005.01.043(DDDP) function. HIV-1 RT carries out error-prone DNA
synthesis, since it lacks an intrinsic proofreading exonuclease
activity and copies RNA with low ﬁdelity, thus, contributing
to mutagenesis [4,5]. The high error rate of HIV-1 RT can
be attributed to eﬃcient misinsertion and extension of mis-
paired nucleotides during the RDDP and DDDP steps [6,7].
Remarkably, the ﬁdelity of both activities is up to 10-fold
lower than that detected for other proofreading-deﬁcient
RTs, i.e., RTs of murine leukemia virus (MLV) and avian
myeloblastosis virus (AMV) [4,5].
The eﬃcient intracellular proviral dsDNA synthesis could be
inﬂuenced by the physiological microenvironments and re-
quires participation of additional cellular and viral factors,
that may aﬀect the eﬃciency and speciﬁcity of mispair forma-
tion. Candidate molecular factors which appear to ﬂuctuate in
concentration in mammalian cells with diﬀerent phases of the
cell cycle and which have been shown at least in vitro to be in-
volved in both RNA and DNA synthesis are the organic cat-
ions, the polyamines [8,9].
Polyamines putrescine, spermidine and spermine, present in
all living cells, are low molecular weight aliphatic molecules
that participate in many cellular processes by binding and
modulating the functions of RNA, DNA dNTPs and proteins
[8–10]. Their concentrations in cells are cell-cycle dependent
[11]. The polyamines have been demonstrated to potently
interact with various nucleic acids [12] and are probably in-
volved in transcription and translation of genetic material.
The polyamines have been implicated in the replication of
some herpesviruses and retroviruses. The cells infected with a
number of viruses (e.g., HSV-1, human cytomegalovirus) have
high levels of these polyamines [13,14]. Lymphocytes from pa-
tients infected with HIV-1 also have elevated levels of all three
polyamines [15]. Interestingly, spermine and spermidine are
integral parts of HIV virions. Polyamine incorporation into
virions may be important for folding and/or packaging of viral
RNA or it may mediate the interaction between viral RNA
and the tRNA-lys primer. The alterations in polyamine incor-
poration during viral assembly may aﬀect reverse transcription
and alter viral infectivity. The observation that both spermi-
dine and spermine speciﬁcally associate with virions, prompted
us to study the eﬀect of polyamines on the ﬁdelity of DNA syn-
thesis by HIV-1 RT. Our objective was to evaluate the poten-
tial role of polyamines in the ﬁdelity of DNA synthesis by
HIV-1 RT during both RNAﬁ DNA and DNAﬁ DNA
polymerization steps. The ﬁdelity studies conducted are basi-
cally comparative in nature using template-primers already
used previously for comparing the accuracy of various RTsblished by Elsevier B.V. All rights reserved.
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amines have an enhanced ﬁdelity of DNA synthesis, suggesting
that polyamines tested possess potential to be ‘‘antimuta-
genic’’.2. Materials and methods
2.1. Enzymes
The HIV-1 RT was the recombinant, puriﬁed enzyme expressed in
Escherichia coli from BH-10 proviral clone [16,17]. The speciﬁc activity
of the enzyme was 4000–5000 U/lg. One unit was deﬁned as
the amount of enzyme that catalyzes the incorporation of 1 pmol of
dTMP into DNA in the poly (rA)n Æ oligo(dT)12–18-directed reaction
in 30 min at 37 C. T4 polynucleotide kinase was purchased from
MBI (Fermentas).
2.2. Template-primers
Two template-primer substrates were used for the analysis of accu-
racy of DNA synthesis by HIV-1 RT. First, ribosomal RNA (rRNA)
(a mixture of 16S and 23S E. coli rRNA) as a native substrate, was
primed with 16mer oligonucleotide primer, that hybridizes to the
nucleotides at positions 2112–2127 of the 16S rRNA. Four versions
of primers were synthesized separately. They were identical except
for the 3 0-terminal nucleotide (N), which is either A, C, G or T. The
sequence of these primers is 5 0-ATTTCACATCTGACTN-3 0. Second,
was an (N)30 synthetic oligonucleotide DNA template identical to
nucleotides 2100–2129 of E. coli 16S rRNA (5 0-AGGCGGTTTGT-
TAAGTCAGATGTGAAATCC-3 0). This DNA was primed with an
(N)16 oligonucleotides (utilized with rRNA template), that hybridizes
to the nucleotides at positions 13–28 of the template DNA. Conse-
quently, by hybridizing the primer oligonucleotides to the rRNA tem-
plate at position 2112, or DNA template at position 13, the A:A, A:C,
A:G mispairs or the A:T correctly paired terminus were produced [6,7].
The primers were end labeled at the 5 0-end with T4 polynucleotide ki-
nase and [c-32P] ATP.
2.3. DNA polymerization reaction
The DNA polymerization reactions were performed as described
[6,7]. Before measuring the kinetic constants for elongating the prim-
ers, a time-course study was done for each paired and mispaired termi-
nus to determine the time range during which the products accumulate
linearly with time. Kinetic reactions were performed with an aboutFig. 1. Misincorporation by HIV-1 RT with DNA/DNA template-primer. Th
dATP in the absence (lane 1) or presence of various concentrations of spermin
2, 6 and 10 with 1 mM polyamines. Lanes 3, 7 and 11 with 2 mM polyamin
10 mM polyamines. The position of the 16mer primer is indicated by an arr10-fold molar excess of template-primer over enzyme to ensure stea-
dy-state kinetics at the linear range. The Vmax and Km values were cal-
culated from the double reciprocal linear plots of velocity vs. dATP
concentrations [18]. The relative extension frequency (Fext) is the
apparent extension frequency calculated for the wrong terminus divided
by the corresponding frequency obtained with the correctly paired
terminus.
3. Results
The accuracy of synthesis by DNA polymerases depends on
the frequency of incorporation of incorrect nucleotides into
DNA and extension of the mismatched primer termini [19].
HIV-1 RT exhibits dual template speciﬁcity. Hence, to assess
the inﬂuence of polyamines on the accuracy of HIV-1 RT,
we have analyzed the mispair formation and extension by
HIV-1 RT with deﬁned template-primers during both DDDP
and RDDP reactions.
3.1. 3 0-DNA misinsertion by HIV-1 RT in the presence
polyamines
The insertional ﬁdelity of HIV-1 RT was analyzed in the
absence and presence of various concentrations of putrescine,
spermidine and spermine using correctly paired running-start
template-primer at a ﬁxed concentration of 0.5 mM of dATP
allowing the extension of the 16mer primer. The results of the
primer extension assays show that HIV-1 RT displays misin-
sertion activity with both DNA/DNA and RNA/DNA sub-
strates, incorporating wrong dATP opposite the template G
at sites 10 and 6 of template DNA (Fig. 1, lane 1) or at sites
2009 and 2005 of template RNA (Fig. 2, lane 1) following the
initial incorporation of two running-start As prior to reach-
ing the ﬁrst template target site G. The band visible at Wat-
son–Crick base pair (18mer) implies that a rapid correct
incorporation of As opposite T or U is followed by slower
formation of the mispair. Conversely, the absence of a visible
pause band at a mispair site (19mer) illustrates the ease with
which RT can elongate this mispair. Notably, the presence of
primer extension products longer than 19mer, suggests thate running-start substrate was incubated with HIV-1 RT and 0.5 mM
e (lanes 2–5), spermidine (lanes 6–9) or putrescine (lanes 10–13). Lanes
es. Lanes 4, 8 and 12 with 5 mM polyamines. Lanes 5, 9 and 13 with
ow.
Fig. 2. Misincorporation by HIV-1 RT with RNA/DNA template-primer. The running-start substrate was incubated with HIV-1 RT and 0.5 mM
dATP in the absence (lane 1) or presence of various concentrations of spermine (lanes 2–4), spermidine (lanes 5–7) or putrescine (lanes 8–10). Lanes
2, 5 and 8 with 2 mM polyamines. Lanes 3, 6 and 9 with 5 mM polyamines. Lanes 4, 7 and 10 with 10 mM polyamines. The position of the 16mer
primer is indicated by an arrow.
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gation. This reﬂects the ability of the enzyme not only to mis-
insert a wrong dATP (mutator phenotype), but also to extend
the newly formed mispair. Interestingly, polyamines exert the
ability to reduce the number of mismatched nucleotides
incorporated into DNA during both DDDP and RDDP reac-
tions. The results obtained demonstrate that the polyamines
tested – putrescine, spermidine and spermine, cause a concen-
tration-dependent decrease in the misincorporation capacity
of HIV-1 RT with both DNA/DNA (Fig. 1, lanes 2–10)
and RNA/DNA (Fig. 2, lanes 2–10) template-primers;
although the pattern of reduction was diﬀerent. The inhibi-
tory eﬀects were found at concentrations of spermine or sper-
midine higher than 2 mM and of putrescine higher than
5 mM.
The insertional ﬁdelity of HIV-1 RT was further examined
with DNA/DNA substrate using correctly paired standing-
start template-primer (wherein the target template residueFig. 3. Misincorporation by HIV-1 RT with DNA/DNA standing-start temp
primer was incubated with HIV-1 RT and 0.5 mM of a single wrong dNTP
(lanes 4–6), spermidine (lanes 7–9) or putrescine (lanes 10–12). The positionimmediately follows the 3 0-terminal end of the primer) at ﬁxed
concentration of 0.5 mM of dCTP, dGTP or dTTP, allowing
the extension of the 16mer primer in the absence or presence
of 2 mM of spermine, spermidine or putrescine. Apparently,
RT readily incorporates mismatches; the 17mer product is
accumulated following the production of T:C, T:G or T:T mis-
pair by HIV-1 RT (Fig. 3, lanes 1–3). However, the misincor-
poration of either dCTP (lanes 4, 7 and 10), dGTP (lanes 5, 8
and 11) or dTTP (lanes 6, 9 and 12) was reduced in the pres-
ence of polyamines tested. The decrease in the amount of
17mer products was detected. We observed that spermine pre-
vent most eﬃciently the misincorporation by HIV-1 RT. Nota-
bly, G:T purine–pyrimidine mispair (transition) seems to be
better suppressed by polyamines than C:T pyrimidine–pyrimi-
dine mispair (transversion). Additional studies are needed to
evaluate whether the extent of inﬂuence of the polyamines
on the mispair formation depends on the nature of mispair
(transition vs. transversion).late-primer. The correctly paired standing-start DNA/DNA template-
(C, G or T) in the absence (lanes 1–3) or presence of 2 mM spermine
of the 16mer primer is indicated by an arrow.
1438 M. Bakhanashvili et al. / FEBS Letters 579 (2005) 1435–14403.2. Elongation of 3 0-mispaired DNA by HIV-1 RT in the
presence of polyamines
Remarkably, an important component of retroviral genetic
variability may be attributable to the eﬃcient mismatch exten-
sion during the copying of both RNA and DNA templates
[6,7,20,21]. The mispair extension of HIV-1 RT was evaluated
in the presence of 2 mM of putrescine, spermidine and sperm-
ine by analyzing the extension of DNA/DNA and RNA/DNA
template-primers containing A:A, A:C or A:G mispairs (sub-
strates that were eﬃciently extended by HIV-1 RT) and the
next complementary nucleotide dATP (as the only comple-
mentary nucleotide to the template base immediately down-
stream from the mispair). It was recently shown that HIV-1
RT binds 3 0-terminal mismatched template-primer to about
the same extent [22]. Therefore, the ability of the enzyme to ex-
tend such template-primers was assessed with no incubation
prior to the addition of dATP. Under the assay conditions,
the polymerase displayed a characteristic mispair extensionFig. 4. Mispair extension by HIV-1 RT with DNA/DNA template-primer. The
2, 5, 8 and 11) or A:G mispair (lanes 3, 6, 9 and 12) were incubated with HIV-
polyamine:spermine (lanes 4–6), spermidine (lanes 7–9) or putrescine (lanes
Fig. 5. Mispair extension by HIV-1 RT with RNA/DNA template-primer. The
2, 5, 8 and 11) or A:C mispair (lanes 3, 6, 9 and 12) were incubated with HIV-
polyamine:spermine (lanes 4–6), spermidine (lanes 7–9) or putrescine (lanesproﬁle with DNA/DNA (Fig. 4, lanes 1–3) and RNA/DNA
(Fig. 5, lanes 1–3) template-primers, both standing-start sub-
strates [6,7]. It should be noted, that the pattern of mispair
extension from various 3 0-termini by HIV-1 RT is diﬀerent
in spite of the fact that they share the same nucleotide se-
quence. Indeed, the extension from the preformed mispairs
(A:A, A:C and A:G) with HIV-1 RT alone is shown by elon-
gation of the 16mer primers to 17mer or greater. The propen-
sity of the enzyme to extend mispairs was most pronounced for
A:C mispair. The presence of primer extension product of
22mer suggests that the extension from the preformed A:C
or A:A mispair involves the creation of new mismatch A:G fol-
lowed by the incorporation of complementary dAMPs oppo-
site the template tymidine or uridine. The experiments
described in Figs. 4 and 5 (lanes 4–12), depict that HIV-1
RT with both DNA/DNA and RNA/DNA template-primers
displays lower capacity of mispair extension in the presence
of polyamines. A reduction in mispair extension resulted in de-substrates containing 3 0-terminal A:A (lanes 1, 4, 7 and 10), A:C (lanes
1 RT and 0.5 mM dATP in the absence (lanes 1–3) or presence of 2 mM
10–12). The position of the 16mer primer is indicated by an arrow.
substrates containing 3 0-terminal A:A (lanes 1,4, 7 and 10), A:G (lanes
1 RT and 0.5 mM dATP in the absence (lanes 1–3) or presence of 2 mM
10–12). The position of the 16mer primer is indicated by an arrow.
Table 1
Kinetics of extension from 3 0-matched and mismatched template-primers by HIV-1 RT
Paired or mispaired terminus Wild-type HIV-1 RT Wild-type HIV-1 RT in the presence of 5 mM
spermine
Km (lM) Vmax (%/min) Fext Km (lM) Vmax (%/min) Fext
A:T 0.06 ± 0.004 10 ± 0.9 1 0.10 ± 0.02 3.2 ± 0.4 1
A:A 58 ± 4 3.7 ± 0.6 1/2520 170 ± 14 0.61 ± 0.04 1/9140
A:C 38 ± 4 5.0 ± 4 1/1270 130 ± 11 0.7 ± 0.06 1/5900
A:G 125 ± 13 1.3 ± 0.09 1/16 660 ND ND <1/300 000
The kinetic Km and Vmax values were determined as described in Section 2. The relative extension frequencies are ratios of rate constant (Vmax/Km) for
the mispair divided by the corresponding rate constant for the paired A:T terminus. When the slopes were too low, the Km and Vmax values were not
(ND) determined. Therefore, we assume that in these speciﬁc cases with A:G mispair, Fext values are below 1/300 000.
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5, lanes 4–12) and/or in the formation of new A:G mismatch at
a low eﬃciency with no subsequent extension beyond this
point (Fig. 5, lane 11). Notably, the eﬀect is dependent on
the nature of polyamines analyzed; spermine was mostly eﬀec-
tive in prevention of mispair extension by HIV-1 RT.
These assays provide a qualitative indication of the mispair
extension by HIV-1 RT in the absence and presence of poly-
amines. Notably, a comparable pattern of reduction in the mis-
pair extension with both DNA and RNA substrates used was
observed in the presence of all three polyamines tested. We
have elected to use DNA template for a further quantitative
comparison. To determine the eﬃciency of the enzyme to ex-
tend diﬀerent mismatched template-primers in the absence or
presence of 5 mM spermine, we used substrates with termini
composed of each possible base pair and measured their
respective abilities to be extended with increasing concentra-
tions of the next correct dATP. The kinetic parameters govern-
ing the mispair extension frequency, are summarized for each
mispair in Table 1. The ratio of mispair extension eﬃciency
of HIV-1 RT in the presence of spermine relative to that of
the enzyme alone, demonstrates that the presence of spermine
decreased the eﬃciency of mispair extension of the puriﬁed RT
by factors ranging from about 3.6-fold for the A:A mismatch
to 18-fold for the A:G mispair.4. Discussion
RT, involved in proviral DNA synthesis in cytoplasm during
HIV replication, plays the central role in the accuracy of DNA
replication. Given the intrinsically low ﬁdelity of RT, cellular
ﬁdelity enhancing accessory factors may exist in cytoplasm to
prevent errors by RT [23]. The focus of our present compara-
tive study was to assess the ability of misincorporation and mis-
pair extension by HIV-1 RT in the absence and presence of
polyamines. We used an in vitro reconstituted system to eluci-
date the potential role of polyamines in correcting errors pro-
duced by HIV-1 RT. The results obtained suggest that
polyamines possess potential to be ‘‘antimutagenic’’; thus,
aﬀecting the accuracy of DNA synthesis by HIV-1 RT. Both,
the formation (Figs. 1–3) and utilization of mispaired tem-
plate-primers (Figs. 4 and 5) by HIV-1 RT decrease in the pres-
ence of polyamines. Furthermore, polyamines may aﬀect the
accuracy of DNA synthesis during both RNAﬁ DNA and
DNAﬁ DNA polymerization steps. RT could be sensitive to
changes in the polyamines concentration; polyamines exert a
concentration-dependent enhancement eﬀect on the ﬁdelity ofDNA synthesis. Remarkably, the eﬀect of enhancement corre-
lates with cationic charge; the polyamines exert the ability to re-
duce the misincorporation and mispair extension by HIV-1 RT
in the following order: spermine > spermidine > putrescine. In
general, an important biochemical factor is the degree to which
accessory proteins aﬀect the error-creation process in DNA
synthesis. The comparative data presented in Table 1, indicate
that the presence of spermine decreased the eﬃciency of mispair
extension of the enzyme by factors ranging from about 3.6-fold
for the A:A mismatch to 18-fold for the A:G mispair.
During the ongoing DNA synthesis the ability of the HIV-1
RT to extend a speciﬁc mispaired primer is a major factor that
contributes to the ﬁdelity of DNA synthesis. Following misin-
corporation, some template-primers with terminal mispairs re-
main unextended by the polymerase, that promotes
dissociation of the enzyme from substrate. Interestingly, unex-
tended free template-primers (already dissociated from the en-
zyme following the misinsertion) may be further recognized by
other HIV-1 RT molecules and undergo a rebinding process
with a subsequent 3 0-terminal mismatch extension [22]. The
fact that mispair extension is aﬀected by polyamines, raises
the possibility that the dissociated unextended 3 0-mismatch
containing template-primers may be recognized by HIV-1
RT, however, less eﬃciently utilized for polymerization in
the presence of polyamines.
The propensity of base misincorporation and mismatch
extension in combination with lack of 3 0 ﬁ 5 0 exonuclease
activity of HIV-1 RT generates high error rates, leading to par-
ticular increase in mutations thus generating extremely muta-
genic viruses [23]. Our results suggest that polyamines could
improve the replication ﬁdelity of HIV-1 RT. Consequently,
the decrease in the error rate of HIV-1 below a critical thresh-
old during DNA synthesis in the presence of cellular factor,
e.g., polyamines may be very important for virus replication
to compensate for the lethal phenotype.
Interestingly, the mutation rate of HIV-1 in cells is about 15–
20-fold less than that the predicted by the measured ﬁdelity of
puriﬁed HIV-1 RT with the same target sequence, suggesting
that the reverse transcription process in vivo is less error-prone
than in cell-free studies [24]. These discrepancies between two
systems may be due to several factors, including the association
of viral or cellular accessory proteins/factors that can aﬀect the
accuracy of reverse transcription in the cytoplasm of infected
cells. The HIV-1 Vpr protein was proven to be an example of
viral accessory protein that inﬂuences the in vivo mutation rate
(decreases up to 5-fold) [25]. Our recent studies revealed that
the cellular tumor suppressor protein p53 in cytoplasm in-
creases the ﬁdelity of HIV-1 RT [26]. In the presence of p53,
1440 M. Bakhanashvili et al. / FEBS Letters 579 (2005) 1435–1440mispair extension eﬃciencies of HIV-1 RT decrease up to 15-
fold. These inﬂuences may have an important contribution to
variation in retrovirus populations. The possible eﬀects of poly-
amines in preventing these mutations could be of particular
importance since the physiological concentrations of polyam-
ines are in the millimolar range. The fact that polyamines
may enhance the accuracy of HIV-1 RT suggest that the ﬁdelity
of DNA synthesis by the enzyme may respond to alterations in
composition of replication complex. The retroviral replication
complex would be envisioned as a dynamic complex with acces-
sory protein/factor components joining and departing the com-
plex during retroviral DNA synthesis. The viral or cellular
factors might have a relatively transient interaction with the re-
verse transcription complex during various steps in the replica-
tion process (interaction with the viral nucleic acid or with RT).
Cellular polyamines are regulated by a complex circuitry of
synthesis, degradation as well as cellular uptake and eﬄux.
Spermine/spermidine N1-acetyl-transferase (SSAT) is rate-lim-
iting enzyme involved in catabolism/breakdown of the cellular
polyamines, spermidine and spermine. Interestingly, HIV-1 vir-
ion infectivity factor (vif) may modulate SSAT activity, aﬀect-
ing levels of cellular polyamine levels [27]. Polyamines are
bound to nucleic acids and are involved in many cellular pro-
cesses that need nucleic acids. Hence, we suggest that altera-
tions in polyamines levels within the cells may aﬀect on viral
reverse transcription in viral target cells.
An increased mutation rate facilitates the emergence of
mutagen virions with RT molecules resistant to anti-viral
drugs [28]. There is a possibility that an enhanced ﬁdelity in
the presence of polyamines could limit viral variation and de-
lay in the appearance of drug-resistant viruses. There is a po-
tential correlation between resistance of HIV-1 RT to
nucleoside analogs and the accuracy of DNA synthesis [23].
It is conceivable that mutants are capable of developing dimin-
ished sensitivity to nucleoside analogs by several mechanisms.
Part of these mechanisms are associated with an elevation in
the accuracy of DNA synthesis. In view of the signiﬁcance of
mutations of HIV-1 RT to resistance to therapeutic agents,
the possible eﬀects of polyamines on incorporation of wrong
nucleotides and nucleoside analogs could be of particular
importance and further elucidated by wild-type and mutant
HIV-1 RTs. The studies are presently under way.
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